The Si͑557͒ surface with Au adsorbates consists of a well ordered array of atomic chains, which exhibit interesting one-dimensional ͑1D͒ metallic band structure with two nearly half-filled 1D bands. This system was recently found to undergo a metal-insulator transition below room temperature ͓Phys. Rev. Lett. 91, 196403 ͑2003͔͒. The structural and electronic changes upon the phase transition have been investigated in detail using scanning tunneling microscopy and spectroscopy ͑STM/STS͒ with the guide of first-principles calculations. While the detailed bias-dependent STM images at room temperature are well simulated based on the present structure model, the characteristics of low-temperature images are not successfully reproduced. This casts doubts on the structure model of the low-temperature phase based on the step-edge buckling. The spatially resolved density of states ͑DOS͒ in STS measurements indicates clearly that only the step-edge Si chains are metallic, which exhibit strong reductions of DOS near Fermi level upon the metal-insulator transition together with the periodic lattice distortion. The band-gap opening on this metallic chain is shown to be symmetric in filled and empty states with a consistent gap size with the previous photoemission result. This result denies the recently proposed mechanism of the phase transition based on the dynamic fluctuation of the step-edge buckling. The effect of vacancy defects on the local lattice structures is also discussed for both the room-and low-temperature phases.
I. INTRODUCTION
One-dimensional ͑1D͒ electronic systems are interesting due to the instability of the metallic phases, Peierls instability, and the possible realization of the non-Fermi-liquid state. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] Recently, 1D metallic band structures were observed for a few surface systems with metal adsorbates, especially the highly vicinal Si surface with Au ͑Refs. 4, 10, and 12-15͒ and the flat Si͑111͒ surface with a 4 ϫ 1 reconstruction induced by In. 8, 9 These surfaces are composed of atomic-scale linear chain structures and possess multiple partially filled 1D electronic bands. 4, [8] [9] [10] [12] [13] [14] [15] While various exotic 1D electronic properties can be expected as results of such complex 1D metallic band structures, the spontaneous metal-insulator transitions were observed for most of the above systems such as Si͑111͒4 ϫ 1 − In, 8, 9 Si͑557͒-Au, 4, 10, 12, 15 Si͑5 5 12͒-Au, 13 and Si͑553͒-Au. [14] [15] [16] The origins of such metal-insulator transitions are under debate while initially the Peierls instability was invoked because of the well nested Fermi surfaces at room temperature ͑RT͒ and the periodic lattice distortions ͑PLD's͒ at low temperature ͑LT͒ with consistent periods with the Fermi-surface nesting conditions. In particular, the Si͑557͒-Au surface is composed of a regular array of narrow terraces with a well defined width of 1.9 nm. The 1D unit cell is thought to consist of Si and Au atomic chains on such a nanoscale terrace as well as Si atomic chains on step edges. 12, 14, [17] [18] [19] This system has a very unique band structure with two nearly half-filled 1D bands, which were originally misinterpreted as a spinon and holon band pair indicating the non-Fermi-liquid state. 4 The contrasting spectral behaviors of these two bands were observed recently; ͑i͒ one band is metallic but the other is gapped at RT and ͑ii͒ the metallic band shows a temperature-induced gradual gap opening at LT with the insulating one unaltered. 10 Accompanying the gap opening, an apparent PLD was observed along one chain element of the 1D unit cell, which is assumed to be the Si atomic chain on the step edge. 10 The ϫ2-period PLD and the gap opening of a nearly half-filled 1D band were suggested to have the same origin, the Peierls instability. This idea assumes that the metallic 1D band is localized on the step edge. However, this assumption was not supported by a subsequent theoretical calculation, which instead concluded that the two 1D bands are due to spin-orbit splitting of the Au-Si bonding state localized on the Au atomic chain. 20 The origin of the PLD on the stepedge Si chain was then ascribed to the dynamical fluctuation/ freezing of the structural buckling. 20 The dynamic fluctuation model, which may be able to explain the PLD on the stepedge chain at LT, cannot explicitly provide a mechanism of the gap formation for an electronic state, which is not directly related to the step edge. 21 While no satisfactory and comprehensive explanation of this interesting phase transition is available at present, the important questions are related to ͑i͒ the origins of the two characteristic 1D bands, ͑ii͒ their relation with the PLD observed, and ͑iii͒ the structural details of the PLD at LT.
The other intriguing issue is the effect of defects on the intrinsic property of Si͑557͒-Au, since the scanning tunneling microscopy ͑STM͒ study revealed that a relatively large number of defects are present on this surface. 12 In the closely related surface 1D systems, the defects were suggested to pin the charge-density wave ͑and the PLD͒ locally, 28 form locally insulating segments, 27, 29 or induce local charging during the photoemission process.
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In this paper, we present an extensive high-resolution STM study on the RT and LT phases of Si͑557͒-Au at a full bias range, which are compared with the theoretical simulations based on the available structure models. While the RT STM images are well reproduced with the model, the LT images are not. The local density of states ͑LDOS͒ is mapped in detail for both phases, which indicates that the metal-insulator transition occurs very locally, only on the step-edge Si chains where the PLD also appears. The gap opening on the step-edge chains is symmetric in filled and empty states, in clear contrast to the dynamic fluctuation 20 model of the phase transition. The defects on the step-edge chains were found to induce a relatively large local lattice distortion in the neighboring sites at both RT and LT but not to affect the phase transition itself.
II. EXPERIMENTAL AND COMPUTATIONAL PROCEDURES
STM images were obtained by a commercial LT STM apparatus ͑Omicron, Germany͒ at a base pressure of 4 ϫ 10 −11 Torr. In order to obtain the energy-resolved LDOS maps, the current imaging tunneling spectroscopy ͑CITS͒ method was utilized, where the feedback control system is sequentially on and off for scanning and sampling, respectively. A Si sample was cleaned thermally and cooled down to 78 K by liquid nitrogen. A Si͑557͒-Au surface with a regular 1D chain array was prepared by annealing at 650°C a Si͑557͒ surface with Au deposited at RT. 10 The quality of the resulting surface was confirmed by STM images as well as the low-energy-electron-diffraction patterns, which exhibit well-defined noninteger spots due to the ordered chain array on the surface.
All calculations were performed by using the Vienna abinitio simulation package ͑VASP͒, 22, 23 which incorporates the ultrasoft pseudopotentials 24 and the local-density approximation for the exchange-correlation energy. 25 The Si͑557͒-Au surface was simulated by a repeating slab model, where four Si bilayers and an 8.2 Å vacuum layer are included. The bottom of the slab has a bulklike structure with each Si atom saturated by H atom͑s͒. The 1 ϫ 2 surface supercell was used in order to consider the twofold periodicity along the atomic chains ͓͑110͔͒. The resulting supercell is characterized by three vectors a 1 = a 0 ͑1,−1,0͒, a 2 = a 0 ͑2,3/2,−5/2͒, and a 3 =2 ͱ 11/ 3͑5,5,7͒Å, where a 0 , 5.393 Å, is the lattice constant determined with a cutoff energy of 15 Ry. The 15-Ry cutoff energy in the plane-wave basis and the four k points in the surface Brillouin zone were used. The STM images were simulated using the TersoffHamann theory, where the tunneling current is proportional to the LDOS integrated between the bias voltage and Fermi level. 26 
III. RESULTS AND DISCUSSION
A. Atomic structure models for the room-temperature phase Segovia et al. 4 first suggested an atomic structure model of Si͑557͒-Au based on an unreconstructed ͑1 ϫ 1͒ terrace and a Au chain embedded into the topmost Si layer within the terrace ͓Fig. 1͑b͔͒. The 1 ϫ 1 terrace contains Si atoms with one dangling bond on each and the Si step-edge atoms with two dangling bonds. Note that the structure model in Fig. 1͑b͒ has a reconstructed step edge as relaxed through the ab initio total energy minimization while the original model has the unrelaxed step-edge structure. This primitive structure model was later refined by an x-ray-diffraction study, 17 where the Si adatom chain on the terrace and the reconstruction of the step-edge Si atoms are included ͓Fig. 1͑d͔͒. Although this model was shown to be energetically favorable by an ab initio density-functional theory calculation, 18 the apparent ϫ2 periodicity along the chains observed by STM was lacking. 12 The ϫ2 period structural modulation was then introduced by an alternative occupation of Si adatoms in the following theoretical calculation, 20 as shown in Fig. 1͑c͒ . The present structure model thus consists of three characteristic atomic chains: Si adatoms on top of the terrace Si layer, Si step-edge atoms with a graphene-layer-like reconstruction toward the terrace, and embedded Au atoms in the substitutional site of the topmost layer. There is one dangling-bond electron on each Si adatom and Si step-edge atom.
We obtained high-resolution STM images of the surface at various bias conditions. These show significantly different images between the positive and negative polarities but only a small difference for different biases ͑0.1-2.0 V͒ within the same polarity. The characteristic STM images at RT acquired at the dual bias voltages ͑V s 's, sample bias͒ of ±1.0 V are shown in Fig. 1͑a͒ . In this dual-bias measurement taking the tunneling current at both voltages on every point, the filledand empty-state images can be compared without any registry shift. The experimental images show two bright chains, denoted as ␣ and ␤. The ␣ and ␤ chains are with little noticeable corrugation and a clear ϫ2 period corrugation along the chains, respectively. The two chains have a very different, almost opposite bias dependence; ␣ and ␤ appear much brighter at negative and positive bias, respectively. These STM images are only partially consistent with the previous one, which showed two chains of protrusions but both with clear ϫ2 modulations. 12 As discussed further below, the extra ϫ2 modulation of the ␣ chain observed previously at RT could be due to the defects.
In the simulated STM images, the ␣ chain, brighter at filled states, is reproduced commonly for the three models and represents the step-edge Si chain. However, the ␤ chain with a ϫ2 periodicity is reproduced only by the 1 ϫ 2 adatom model in Fig. 1͑c͒ . The characteristic bias dependence of ␤ is also consistently reproduced in theory with this model. The 1 ϫ 2 adatom model is thus strongly favored within the STM result and the ␣ and ␤ chains are assigned as due to the Si step edge and Si adatom chains, respectively. However, it should be mentioned that the agreement between the experimental and theoretical band structure is not satisfactory at all even for the RT phase, as discussed further below. Therefore, it may be premature to determine conclusively the atomic structure of the present system. On the other hand, the other important structural element, the Au chain, does not appear with any significant contrast in both experiment and theory.
B. Atomic structure model for the low-temperature phase
The RT metallic Si͑557͒-Au surface was found to undergo a metal-insulator transition below RT, where the metallic half-filled band exhibits a gradual gap opening upon cooling. 10 The STM images of the LT phase at 78 K were obtained at the same bias conditions ͑V s = −1.0 to +1.0 V͒ as the RT images ͑Fig. 2͒. While the Si adatom chain shows no temperature dependence, an apparent periodic modulation of the protrusion along the step-edge Si chain ͑␣͒ was observed. This modulation is visible only at the empty-state images ͓Figs. 2͑b͒ and 2͑d͔͒, where the very smooth, corrugationless, and bright line at RT shows clearly separated oval shape protrusions in a ϫ1 lattice. These protrusions further show a noticeable contrast modulation in a ϫ2 periodicity. 10 In the recent ab initio calculation, this extra modulation at LT was interpreted as due to the PLD of the up-and-down buckling of the step-edge Si chain. 20 The height difference between the up-and down-edge atoms amounts to 0.4 Å but the energy gain due to the buckling is as small as 30 meV. Our own calculation also confirms this result, but we think that the energy gain of the buckled configuration is too small, within the conventional accuracy limit of the densityfunctional theory calculations, to conclude reliably the ground-state configuration. Even if the energy gain is reliable, this does not lead to a frozen fluctuation observed in the present experiment since the corresponding fluctuation rate is as high as 2.8 ϫ 10 10 Hz at 78 K. Furthermore, the simulated STM images based on the buckling model are not fully consistent with the experiment. The simulations show the ϫ2 period modulation at both filled and empty states, while the experimental STM images show the modulation only at empty states ͑see Fig. 2͒ . Even for the empty-state images, the agreement between the simulation and experiment is limited at high bias voltages like +1.0 V, especially for the stepedge structure ͓Fig. 2͑d͔͒. This comparison suggests that the buckling model within the 1 ϫ 2 adatom structure is far from being conclusive for the LT phase, and the structural details of the ϫ2 PLD remain to be investigated further.
C. Spectroscopic signature of the phase transition
In the previous study, the ϫ2 PLD on the step edges at LT was related to the gap-opening metal-insulator transition observed by photoemission. 10 The presence of the fully nested Fermi surface of the half-filled 1D band at RT and the ϫ2 PLD at LT leads to the interpretation of the metal-insulator transition as a Peierls transition. However, within a recent theoretical model, the occurrence of the PLD on the stepedge chain was interpreted as basically an order-disordertype transition, i.e., the dynamic fluctuation of the up-anddown buckling at RT and its freezing at LT. 20 We already pointed out that this model is not consistent with the experimental results in terms of the structure. Furthermore, the theoretical model of the phase transition deviates significantly from the experimental observations in the electronic struc- tures. Since the 1D metallic band is localized on the Au chain, it should basically be intact upon the freezing of the dynamical fluctuation. Hence, one needs another mechanism to explain the band-gap formation. The authors of the recent theoretical calculation guessed that ͑i͒ a flat band located on the step-edge chain pins the Fermi level, causing the top of the 1D bands ͑on the Au chain͒ to be evacuated ͑metallized͒ near the zone boundary, and ͑ii͒ the freezing of the dynamical fluctuation changes the Fermi-level pining position to drive the 1D metallic band to be fully occupied ͑insulating͒. 20 In this picture, the Fermi level is located very close the valence-band maximum defined by the top of the 1D metallic band with a rather large band gap above of about 0.25 eV even at RT. 20 However, the mechanism to relate the PLD on the step-edge chain to the change of Fermi-level pining was not clearly indicated. 20 In any case, this model suggests that the PDL and the gap opening of the 1D halffilled band are only indirectly related, which even occur on separate parts of the unit cell. This and the characteristics of the spectral change suggested by the model can be tested by experiments.
At first, it should be noted that the flat surface-state band ͑localized on step-edge chains͒ to pin the Fermi level was not observed by the previous photoemission measurements. 4, 10, 12, 14 In further contrast to the theoretical suggestion, any sign of a rigid shift of the 1D band, which is straightforwardly expected from the change of the Fermilevel pinning, was not detected. One can further notice that the above mechanism cannot explain the contrasting behaviors of the two 1D bands-͑i͒ one is metallic but the other is gapped at RT and ͑ii͒ only the metallic band shows the temperature dependence-since the Fermi-level pinning mechanism would work for both bands simultaneously. More evidence for the limitation of the above model of phase transition is found in the present scanning tunneling spectroscopy measurements.
We try to verify whether the PLD on the step-edge chain is directly related to the band-gap formation. The CITS maps ͑see Fig. 3͒ show the LDOS at a given V s . The RT CITS maps at different V s 's near Fermi energy ͓Fig. 3͑b͔͒ reveal dominant LDOS in a wide range of the binding energy ͑at least between 0.3 and Ϫ0.3 eV͒ only on the Si step-edge chain. This indicates clearly that only the step-edge Si chain has metallic electrons and the corresponding bandwidth is wider than 0.6 eV around Fermi energy. This is in clear contrast to the theoretical calculation showing a very flat surface-state band ͑bandwidth less than 0.1 eV͒ localized on the step-edge chain at the Fermi level. In the LT phase, the metallic LDOS on the step-edge chain almost disappears around the Fermi level. This clearly indicates that the metalinsulator transition occurs very locally on the step edge. It is thus evident that the transition is directly related to the PLD occurring on the same chain. Figure 4 shows the normalized dI / dV spectra as averaged over 20 equivalent positions along the step-edge ͑␣͒ chain at both RT and LT, which show in more detail the spectral behavior of the very localized phase transition. The LT spectrum ͑the blue curve͒ obviously shows an energy gap ͑flat part near the Fermi level, bias zero͒, while a nearly gapless spectrum was measured at RT ͑the red curve͒. The size of the gap is not easy to measure accurately due to the weak but decaying spectral intensity toward Fermi energy, but is estimated to be about 80-100 meV ͑see the inset͒. This value is quantitatively consistent with the previous PES experiment, where the half-gap below the Fermi level was measured to be 50 meV. 10 Along with the band-gap opening, the prominent FIG. 3 . ͑Color͒ STM topographic images of Si͑557͒-Au at ͑a͒ 300 and ͑c͒ 78 K ͑V s = + 1.5 V͒. dI / dV maps at ͑b͒ 300 and ͑d͒ 78 K, which were acquired by CITS measurements at the given bias voltages, simultaneously with the constant current topography. Here, the intensity scale of the dI / dV maps, which represents local density of states ͑LDOS͒, is given at the bottom.
FIG. 4. ͑Color online͒
Normalized dI / dV spectra on the step edges at 300 K ͑red͒ and 78 K ͑blue͒. The spectra near Fermi level ͑bias zero͒ are enlarged in the inset. Each spectrum is averaged over several equivalent positions along the step edges. spectral peaks at ±0.30 eV at RT were symmetrically shifted to ±0.45 eV with a strong reduction of the DOS between −0.3 and +0.3 eV. Although the reason for these spectral changes beyond the gap opening is not certain at all at present, the metal-insulator transition obviously involves not a change of Fermi level but a solid band-gap opening. All the above local spectroscopic observations make it clear that the metal-insulator transition detected by photoemission is directly related to the PLD and LDOS changes on the stepedge Si chains and indicate obviously the limitation of the theoretical model.
D. Effect of defects at room and low temperature
As briefly mentioned above, the previous STM image of the RT phase showed that both ␣ and ␤ chains are in the clear ϫ2 period structures. 12 The ϫ2 modulation on the ␣ ͑step-edge͒ chain, with only one maximum in each ϫ2 unit cell, was not present in our STM measurement at RT and does not resemble the up-and-down ϫ2 modulation of the LT phase. We, however, found that such a ϫ2 modulation on the step-edge chains at RT could be related to a certain type of defects. If one looks carefully at the large-area STM image taken at RT ͑Fig. 5͒, one can easily find several kinds of defects such as the vacancy defects on the ␣ and ␤ chains and the very bright protrusions between the ␣ and ␤ chains. The bright protrusions are very similar to those on the Si͑111͒5 ϫ 2-Au surface, which were assigned as the extra Si adatoms. 27 Among three different types of the defects, the vacancy defect on the step-edge chain has a noticeable influence on the local structures. As guided by the solid lines in Fig. 5 , a defect on the step edge induces a local ϫ2 lattice distortion in the neighboring sites. On average, six to ten neighboring sites are affected, which then shows three to five maxima of the ϫ2 modulation, whose amplitude decays away from the defect site. This behavior can be shown more clearly in the line plot of Fig. 6͑a͒ . When there are two neighboring defects in phase, i.e., with a separation of a multiple of ϫ2 lattice spacing, the defect-induced modulation becomes very clear, as shown in the parts indicated by the green dashed lines in Fig. 5 . This defect-induced modulation is very similar to those observed in the previous STM study. 12 Also at LT, the vacancy defects perturb the structure of the step-edge chain as shown in Fig. 6͑b͒ . The unperturbed ϫ2 buckling of the protrusions ͑right side͒ is significantly enhanced keeping its asymmetric nature as approaching the defect. At present, since the atomic structure of the LT phase itself is not certain and the apparent STM images are different between RT and LT, it is not clear whether the RT and LT lattice perturbations have the same structure or not. However, at least the length scale of the defect-perturbed segments are the same at RT and LT. This suggests that the vacancy defects actually do not affect the temperatureinduced phase transition itself but only influence the local lattice structure of the neighboring sites. This confirms that the metal-insulator transition on the step-edge chains with an apparent PLD is an intrinsic property of the system. It can be noted that this behavior is in contrast to the case of defectpinned fluctuation of an order-disorder phase transition as in the well established example of the Si͑001͒ surface; most importantly, the defect-induced modulation above T c and the LT ground state have essentially the same structure on the Si͑001͒ surface. This comparison makes the dynamic fluctuation scenario of the phase transition 20 even less plausible.
IV. CONCLUSIONS
We present an extensive high-resolution STM study on the recently found phase transition of Si͑557͒-Au, which is compared with the theoretical simulations based on the available structure models. The RT STM images are well reproduced with the 1 ϫ 2 adatom model, which is composed of Si step-edge chains, Si adatom chains, and embedded Au chains. However, the agreement is limited for the structure model of the LT phase, which introduces the up-down buckling on the step-edge chain to explain the extra ϫ2 periodic lattice distortion. The local density of states is mapped in detail for both phases, which indicate that the metal-insulator transition occurs very locally, only on the step-edge Si chains where the lattice distortion also appears. The gap opening on the step-edge chains is symmetric in filled and empty states, in clear contrast with the dynamic fluctuation model of the phase transition, where the lattice distortion and the gap opening are explained by the fluctuation/freezing of the updown buckling of the step-edge chain and the change of the Fermi-level pining position near the valence-band maximum, respectively. The defects on the step-edge chains were found to induce a relatively large local lattice distortion in the neighboring sites at both RT and LT but not to affect the phase transition globally. Further theoretical and experimental effort is highly desirable to determine the atomic structure of the periodic lattice distortion at LT and the origin of the phase transition.
